An electrically controlled metaswitch is demonstrated by integrating passive metamaterial (metallic-slot array) with well-established nonvolatile flash memory technology [floating-gate (FG) structure]. In this hybrid configuration, the metamaterial acts as its control-gate layer while a monolayer graphene is the FG layer surrounded by insulators. Whose permittivity can be reconfigured with varying carrier density and correspondingly control the transmission of the passive metamaterial. In addition, this reconfiguration can be persistent due to the nonvolatile property of the FG structure (trapped charges). The gatecontrollable light-matter interaction in this hybrid configuration can be greatly enhanced due to the strong resonances of the metallic-slot antenna; therefore, 78% ER is achieved by tuning the Fermi level from 0 to 0.4 eV at 0.24 THz. Furthermore, since the resonance frequency is controlled by the geometries of the metamaterial, it can be scaled from nearinfrared to the terahertz regimes. The hysteretic behavior indicates new opportunities and versatility for reconfigurable metaswitch, allowing the persistent modification of their unusual electromagnetic responses by transient stimulus.
Introduction
Metamaterials, artificially structured electromagnetic materials, have led to the realization of phenomena that hardly be obtained with natural materials [1] . It opens an innovative way for controlling and manipulating electromagnetic waves, and initiates a new research field of transformation optics. The active metadevice, integration of passive metamaterials with a variety of tuning mechanisms, allows one to adjust the electromagnetic response in real time to the application of external stimuli and generate novel functionalities and forms the basis of future integrated metadevices [2] - [5] . An active meta-switch is one of the essential components in high demanded to develop sophisticated communication.
A series of meta-switches have been proposed in recent years, however, most of them are volatile ones and require continuous supply of external stimulus to maintain the signal modification. Once the external stimulus removed, these devices return to their original states. Essentially, it would benefit greatly if the modification can be permanently persisted even if the triggering stimulus disappeared. The persistent manipulation of meta-switches can be achieved by integrating metamaterials with a floating-gate (FG) structure. Specifically, the FG structure is used to trap charges in the FG layer, whose permittivity varies with the charge density; meanwhile, these tapped charges can be stored due to its surrounding dielectric materials (tunneling oxide and blocking oxide), i.e., electrically isolated from outside. Additionally, FG is one of the most widely used structures in digital memories due to its simple configuration, low manufacturing cost, and massive memory capacity [6] . Metamaterials, made from metals, forms a uniform static electric field near the periphery of the FG layer, working as a control-gate (CG) layer, while this CG layer allows optical signal to transmit through (extraordinary optical transmission, EOT). That is, any variation of charge density in FG layer causes a lasting perturbation to the permittivity of FG layer, in turn results in a persistent and dynamical manipulation of the transmitted signal through the CG layer, i.e., exhibits nonvolatile functionality. Evidently, it would be beneficial if the FG material with small variation of the charge density (tunneling) achieves large tunability over broad spectra. Graphene provides a promising candidate due to its unprecedented light-matter interaction ability over a quite broad spectrum by tuning its density of free carriers [7] . Furthermore, graphene based flash memory has the potential to exceed the performance of current flash memory technology due to its intrinsic properties [8] . Integrating metamaterials in close proximity to FG layer yields the enhancement by the strong resonance of meta-atoms in the near-field region [9] - [11] .
Device Structure and Principle
Here an electrically controlled meta-switch with nonvolatile functionality is demonstrated, using monolayer graphene as its FG layer. The extraordinary electro-optical property of graphene allows a small amount of trapped charges significantly manipulate the optical signals. The metallic-slot-array (pitches: W m = 45 um, L m = 50 um; slot: W h = 10 um L h = 45 um; thickness: h m = 50 nm, gold film) instead of a conventional conductor becomes the CG layer, as shown in Fig. 1(a) . A metallic-slotarray has an ultrahigh aspect ratio, maximizing the field enhancement, therefore further enhancing light-matter interaction. A 4.5-nm thickness Y 2 O 3 layer is deposited on the n-doped (∼10 15 cm −3 ) silicon substrate as the tunneling layer, with a monolayer graphene (FG layer) transferred on it; then another 10 nm thickness La 2 O 3 deposited on the FG layer as the blocking layer.
The tunability of transmission is governed by the permittivity of graphene (ε g ), due to that of metallic-slot array can be hardly changed with fixed dimensional parameters. That is, the monolayer graphene, positioned under the CG layer, is an active layer acting as a role of tuning the optical signals. The Fermi level is at the Dirac point of graphene while there is no bias. Adding an external bias voltage (V g ) on the CG layer, the electric fields, across tunneling oxide (E 1 ) and blocking oxide (E 2 ), are simultaneous established, respectively. Provided that the bias V G is positive (V G > 0, programming mode), electrons in the n-doped silicon substrate tunnel through the tunneling-oxide layer, and then get stored in the FG layer (graphene), as shown in Fig. 2 (a) (the direction as red arrow). Fermi level is tuned away from Dirac point leading to the change of its conductivity (σ g ), consequently, the resonant frequency as well as the magnitude of optical signals changes. As the nonvolatile mechanism illustrated in the following paragraphs, these electrons can remain in FG layer for a long period time after removing the external bias. Therefore, this modification can be persistent remained, demonstrating its nonvolatile functionality. Once a negative voltage pulse is applied (V G < 0, erasing mode), the tunneling direction reverses, and hence electrons are drawn back into the substrate, as in Fig. 2 (a) (black arrow). Fermi level is tuned back to Dirac point and then the optical signal returns to its original states.
Results

Mechanism of the FG Based Nonvolatile Operation
To better illustrate the variation of the charge density, the operation mechanism of tunneling processes (programming/erasing modes) is demonstrated in an electrical model, as shown in Fig. 2 . The gate-induced static electric potential distribution is calculated by finite element analysis using COMSOL Multiphysics, as illustrated in Fig. 2 (e), (f). The gate electrode can induce a nearly uniform static electric field in the vicinity of the FG layer (graphene), mainly required for designing a CG layer. The surface density of charges stored in the FG layer (Q FG ), which can be calculated as an integral of the current density J through the tunneling layer:
The Fowler-Nordheim tunneling mechanism is responsible for the emission of electrons in our device. Since the two-dimensional character and band structure peculiarities of graphene, a rigorous treatment should resort to the tunneling mechanism. However, the Fowler-Nordheim (FN) model produces a result of acceptable accuracy and greatly simplifies the calculation, while the Simmons' formulas is adopted for the retention mode (without external bias), thus, the corresponding tunneling current density J can be calculated by [12] 
here both of E 1 and E 2 depend on the potential of FG layer (V FG ), determined by the surface density of charges stored in the FG layer Q FG . m * , ћ and q are the effective mass of the electron, reduced Plank constant, electron charge, respectively; b1 is the barrier height between silicon and tunneling layer, while b2 is the barrier height between FG layer and the tunneling layer as shown in Fig. 2 
(c), (d).
Considering the two-dimensional property and band structure peculiarities of graphene, the Fermi level of graphene E F varies with charge density, therefore, ( b − E F ) is applied to replace the simple barrier height b [13] . Meanwhile, its density of states (DOS) is finite compared with that of metals, therefore, the capacitor model cannot be simply described by their series corresponding oxide capacitances C 1 and C 2 alone. A part of the applied voltage drops in the graphene layer itself V ch , and this effect can be described by the quantum capacitance C q of graphene, defined as C q = −dQ FG /dV ch . From ref. [14] , under the condition E F >> k B T, it can be simplified as C q = 2q 2 |V ch |q/π(ћν F ) 2 , and thus the charge density of graphene Q FG can be expressed as Q FG = −V ch C q /2. Only half of a classical plate capacitor, due to its specific dependence of C q on V ch . Applying Kirchhoff's laws to this equivalent circuit from Fig. 2(a) , the voltage drops on the quantum capacitance and the potential of FG layer can be obtained
The voltage bias V G should be replaced by the effective voltage [15] , [16] , V G,eff = V G − V G0 , where V G0 is the Dirac point for zero external driven voltages. Therefore, the electric fields E 1 and E 2 can be approximately written as
where C 1 = ε 1 /d 1 and C 2 = ε 2 /d 2 are the oxide capacitors, ε 1 /ε 2 , d 1 /d 2 denote the corresponding permittivities and thicknesses of the tunnelin king layers, respectively. According to eq. (1), the barrier height makes a significant effect on the tunneling current density, which leads to an exponential increase/decrease. Thus, a much lower barrier height (φ b ) with the silicon is desired; in the meantime, reducing the permittivity ε 1 and the thickness d 1 of the tunneling layer could enhance the electrical field E 1 and therefore the tunneling current J 0 in the programming mode. However, this manner increases the tunneling current J r in the retention mode, and hence weakens the charge-storage ability of the device according to Simmons' formulas [12] , which can be modeled by J = q 2 (2m
Meanwhile, utilizing a blocking layer with high permittivity ε 2 and thin thickness d 2 is favorable to enhance the tunneling current density J 0 in the programming mode and suppress it in the retention mode. However, the leakage current J B to the control-gate layer is inverse-proportion to the thickness of the blocking layer. As a result, a 4.5 nm-thickness Y 2 O 3 and a 10 nm-thickness La 2 O 3 as the tunneling layer and blocking layer, respectively, to satisfy this condition due to its high-k dielectric property and hexagonal crystal structure [17] - [19] .
In order to have an obvious sight, a quantitative calculation is provided in the Fig. 3 . Different tunneling oxide layer [17] , SiO 2 (ε sio2 = 3.9, ψ SiO2 = 0.95 eV), Al 2 O 3 (ε Al2O3 = 9, ψ Al2O3 = 1.4 eV), Y 2 O 3 (ε Y2O3 = 15, ψ Y2O3 = 1.8 eV) and HfO 2 (ε HfO2 = 25, ψ HfO2 = 2.6 eV), are adopted with La 2 O 3 (ε La2O3 = 30, ψ La2O3 = 1.8 eV) as its blocking layer. The corresponding time response of E 1 , E 2 , J 1 , J B , J r , Q FG are represented to the same step bias (V G ). In the programming mode, as the electrons accumulated in FG layer through tunneling, the electrical E 1 drop and the tunneling current attenuates dramatically due to its strong dependence on the electric field strength [20] . The charge density (Q FG ) stored in FG layer therefore gradually saturates. Comparing the stored charge density Q FG and tunneling current density J 1 , J B , J r and maximum electric fields E 1 max , E 2 max in Fig. 3(a)-(c) , the performance of Y 2 O 3 /La 2 O 3 is more attractive with relatively low electrical field and high speed under the same drive voltage in both programming and erasing modes, which also ensures the reliability of the device. The programming speed of HfO 2 /La 2 O 3 is the highest with relatively low electric fields, however, its maximum J B and J r are unacceptable; while for SiO 2 /La 2 O 3 , it can induce comparable amount of charges in FG layer. However, the E 1 max formed between SiO 2 exceed its breakdown electrical field [21] . From Fig. 3(e) , the saturation charge density Q FG increases with thinning the thicknesses of tunneling-oxide layer (d 1 ) and the blocking layer (d 2 ), respectively, as well as its corresponding leakage current J B max . And the erasing mode has the similar tendency. Considering the trade-off between the programming speed, the leakage current and the breakdown electrical field, 4.5 nm/10 nm-thickness Y 2 O 3 /La 2 O 3 applied as the tunneling layer.
From above analysis, the amount charge density (Q FG ), tunneling and being stored in the FG layer, significantly depend on the amplitude and duration ( t) of the bias voltage (V G ). Fig. 3(f) indicates that by enhancing the amplitude of external bias, the saturation density of stored charge (Q FG ) can be increases as the programing time shortened, however, the leakage current increase significantly. Hence, for a balance, 6 V/−7.5 V adopted as the external bias voltages for programming/erasing modes. Here RC time constant is not considered in calculation, because of the large conductivities of graphene and doped silicon, RC time constants of similar devices are usually on the order of picoseconds (ps) [3] , [22] , [23] , which are several orders of magnitude shorter than the programming/erasing time. The charge density near the graphene/oxides caused by interface traps is in the scale about ∼10 10 to 10 11 /cm 2 and cause a shift of the gate-voltage and capacitances [24] ; while the graphene can react with oxygen and water molecules through the electrochemical reduction, interfacial redox reaction [25] , and changing the conductivity or mobility and other physical properties of graphene; hence, for simplify, the interfacial redox reaction are ignored in modeling the process of tunneling.
Optical Transmission
Its optical response in the subwavelength limit can be instructively modeled by an equivalent smallsignal circuit at the junction of transmission lines with impedances
which represent the upper and lower rejoins with dielectric constants ε 11 and ε 12 , respectively. The metallic-slot antenna can be modeled as an array of RLC circuit elements [21] , each with resonance frequency (L m C m ) −1/2 and a resistor R m modeling the dissipation on the metal. The graphene layer can be modeled by the sheet resistance R g = 1/σ g (Q FG ) with a quantum capacitance C q , where σ g (Q FG ) is a charge-dependent sheet conductance of graphene. For k B < μ c , the value of chemical potential μ c equals to Fermi level E F related to the density of stored charges [26] . The quantum capacitance of graphene is quite larger than that of the coupling capacitance (C 1 ), thus the contribution of C q is neglected here.
Since E F = sgn(Q FG ) ν F √ π|Q FG |, here ν F = 10 6 m/s is the Fermi velocity of Dirac fermions, this linear dispersion implies that the charge density behave as massless Dirac fermions, and which leads a linear dependence of DOS; hence, undoped graphene is quite sensitive to extremely small perturbation, which is quite different from a conventional 2D electron gas; that is, the charge density can be electrically tuned [27] . While its conductivity is σ g (ω) = i eE F /π 2 (1 + ω 2 τ 2 ) and its dielectric constant can be expressed as ε g = 1 + i σ g /ωε 0 , here = 0.34 nm is the thickness of monolayer graphene. In Fig. 4(a), (b) , the Fermi level E F (or stored charges Q FG ) relies on the duration time of the programming/erasing pulses as long as amplitudes of driving pulses are fixed. With a t = 5.4 us programming pulse (+6 V), the density of electrons in the stored layer (graphene) can reach to ∼8.5 × 10 11 /cm 2 , and its corresponding E F can be 0.4 eV; while a negative voltage with 8.36 uslong pulse (7.5V) added, the stored electrons retuned back to the silicon. A larger erasing pulse is needed due to a much higher barrier height ( b2 = 2.8 eV − E F > b1 = 2.3 eV) for electrons to cross. More electrons (larger E F ) can be stored in FG layer by further prolonging the bias time ( t). In order to explore the properties of transmitted wave, the numerical calculation is carried out using the 3-D finite-different time domain method (Lumerical FDTD Solutions). The electromagnetic wave with the electric filed polarization (y-direction) as shown in Fig. 1(a) is normally incident on the metadevice surface. A 2D rectangle geometry together with graphene material type (temperature of 300 K) is used to model graphene property. The anti-symmetric boundary and the symmetric boundary conditions are set along the x direction and y direction, respectively; while the perfectly matched layer (PML) is set at the z-direction. The permittivity of gold is described by the Drude model with plasma frequency ω pl = 1.37 × 10 16 rad/s and collision frequency ω col = 2.2 × 10 14 rad/s. The accumulation of charges in the graphene layer yields significant damping and consequently diminishing the resonant behavior, caused by different duration of pulses. Fig. 4(c) shows the charge density dependence of the magnitude of the transmittance at the resonant frequency f 0 = 0.24 THz. The magnitude of the transmission reduces with increasing the Fermi level E F (i.e., Q FG ) of graphene. The transmission T 0 is identified as its neutral point without bias (E F = 0 eV), while the extinction ratio (ER) is T/T 0 = (T(E F ) -T 0 )/T 0 , tuned from 9% to 78% by tuning the Fermi level from 0.1 to 0.4 eV at f 0 = 0.24 THz. The width of the resonance is broadened with increasing E F , caused by increased Joule losses in metallic graphene layer.
Conclusions
The electrically controllable meta-switch with nonvolatile functionality is presented here. The nonvolatile functionality is achieved by electrostatic tuning of the charge density on graphene via controlling electrons tunneling into/out and then blocked by its surrounding dielectrics, yields a persistent modification on its transmittance; while a voltage-stimuli is only required to make the particular amount of charges tunnel into/out FG layer. The graphene operates as the FG layer while the metallic-slot array as its CG layer enhances the light-matter interaction by the strong plasmonic resonance, therefore, the ER up to 78% at f 0 = 0.24 THz by tuning E F from 0 to 0.4 eV is achieved. In addition, ER can be further increased by prolong the duration time or optimizing the geometric parameters of the CG layer (metamaterial). Furthermore, a meta-switch with nonvolatile functionality demonstrated here is only for terahertz, the operation frequency can be easily scaled to other bands within the control of both amplitude and phase of electromagnetic waves. Additionally, any material that possesses a large tunable response in either its permittivity or permeability can be applied as the FG layer; and any material that can be deposited nucleating high-quality oxides onto pristine graphene are much preferred as its blocking layer. A great deal of metamaterial devices has been done experimentally due to its easy of fabrication od sub-wavelength structures, which can be fabricated by mature electron-beam evaporator and lithography; while the tunneling oxide can be grown on substrate through rapid thermal oxidation; and the blocking layer can be formed by evaporating about 1nm metal film and oxidizing in air, then additional oxide is made through atomic layer deposition, as in ref. [6] , [16] . In the meanwhile, the corresponding measurements can be achieved by THz measurement system, as in ref. [4] , [7] , with adding sweep pulse. Therefore, meta-switch with FG structure is complementary metal−oxide−semiconductor (CMOS) compatible and leads to a new approach for electrically reconfigurable devices.
